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Edited by Judit Ova´diAbstract It is shown that exchanges of single invariant amino
acids in two C-terminal catalytic domain segments of the gluco-
syltransferase R (GtfR) strongly aﬀect its catalytic properties.
Drastic decreases of activity through re- or displacements of
Tyr965 demonstrate a crucial role of this residue. Similarly,
exchanges of amino acids Asp1004, Val1006, and Tyr1011 pro-
foundly inﬂuenced catalytic parameters. These results are inter-
preted on the basis of a homology model of the catalytic domain.
They are consistent with the view that Tyr965 is a constituent of
the substrate-binding pocket and directly contacts the sucrose
molecule, whereas the other critical residues contribute to the
required positioning of Tyr965 and other active site residues.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: Catalytic determinants; Enzyme variant;
Glucosyltransferase; Glucansucrase; Permutation hypothesis;
Three-dimensional structure1. Introduction
Glucosyltransferases (GTFs) of the glucansucrase type use
sucrose (Suc) to synthesize diﬀerent types of high molecular
mass glucans [1,2]. Catalysis by GTFs probably involves for-
mation of a GTF-glucosyl intermediate [3], which subse-
quently is attacked by a hydroxy group at the non-reducing
end of a growing glucan chain or by a water molecule. As it
can also react with diﬀerent added nucleophiles, this family
of enzymes is of biotechnological interest as glucosylating bio-
catalysts [4–6].
GTFs consist of a single long polypeptide chain of about
1500 amino acids (AAs). Based on biochemical studies andAbbreviations: AA, amino acid; Fru, fructose; Glc, glucose; GTF,
glucosyltransferase; Suc, sucrose; WT, wild-type
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doi:10.1016/j.febslet.2007.12.040sequence comparisons, the chain has roughly been divided into
the N-terminal signal sequence, consisting of about 35 resi-
dues, the ‘‘variable region’’ of unclear function, comprising
approximately 200 AAs, the ‘‘catalytic domain’’, consisting
of about 750 residues, and the ‘‘glucan-binding domain’’, com-
prising approximately 500 AAs [1]. Sequence comparisons
with enzymes of the a-amylase family suggested that the
GTF active site is located in a segment between approximately
AAs 400 and 1000 that folds into a TIM barrel. This structure,
however, occurs in a circularly permuted form relative to the a-
amylases [7].
On the basis of sequence alignments between GTFs and
members of the a-amylase family, we tentatively identiﬁed nine
oligopeptide segments (S1–S9) that may signiﬁcantly inﬂuence
the structure of the active site [8]. Working with GtfR from
Streptococcus oralis ATCC 10557 [9], we generated a three-
dimensional homology model of a permuted form of the puta-
tive catalytic domain [8]. According to this model, eight of the
nine segments are located within the TIM barrel domain; S1–
S4 in the N-terminal half, S5 close to the centre, and S7–S9 in
the C-terminal half of the original non-permuted sequence. S1–
S4 contain several residues that have previously been shown to
be important for activity [10–13]. Recently, the sequences of
S5–S9, were altered, and, with the exception of S5, were shown
to signiﬁcantly inﬂuence the catalytic behaviour of GtfR [8].
This work suggested that Tyr965 in S8, a segment located
about a dozen residues upstream of the a2 helix and devoid
of deﬁned secondary structure, fulﬁls a crucial function within
the active site. The simultaneous exchange of four non-con-
served AAs in S9, which overlaps with the C-terminus of the
b3 strand, was proposed to inﬂuence GtfR activity in an indi-
rect manner, by aﬀecting the positions of catalytically impor-
tant residues. We now examined the inﬂuence of Tyr965 and
of four conserved residues in S9 on the catalytic performance
by single AA substitutions, deletions or insertions.2. Materials and methods
Most of the materials and methods used have been described previ-
ously, including bacterial strains and plasmids, generation of the GtfR-
permu structural model, site-directed mutageneses, enzyme activity
assays, and kinetic measurements [8].
2.1. Determination of GtfR activity
Brieﬂy, GtfR activity was determined enzymatically by the proce-
dure of Mayer [14], which was modiﬁed to separately quantitateblished by Elsevier B.V. All rights reserved.
Table 1
Positions in wild-type and permuted GtfR of the amino acids of
segments discussed in the text
AA of
WT
Position in
GtfR-WT
Position in
GtfR-permu
Sequence alteration
in variantsa
Location
in segment
Ser 959 36 8
492 S. Wittrock et al. / FEBS Letters 582 (2008) 491–496fructose (Fru) and glucose (Glc) liberation. Substrate hydrolysis was
monitored by measurement of Glc formation; transglucosylation was
determined from the diﬀerence between Fru and Glc liberation. Incu-
bations were carried out at 37 C for 20 min in 50 mM sodium phos-
phate buﬀer, pH 6.0, initially containing 100 mM of Suc. One unit
of activity was deﬁned as the amount of enzyme forming 1 lmol of
Fru per min under assay conditions.Ile 960 37
Ile 961 38
Gln 962 39
Asn 963 40
Gly 964 41 del; Ala ins
Tyr 965 42 Ser
Ala 966 43 del; Ala ins
Phe 967 442.2. In silico simulations of GtfR modiﬁcations
Structural deviations of GtfR variants harbouring single AA substi-
tutions, deletions, or insertions were computed in the full reﬁnement
mode, using version 6.1 of Modeller [15,16], combined with CCP4i
[17] as graphical interface. The respective ﬁgures were drawn with Mol-
script [18] and rendered with PovRay.Glu 968 45
Asp 969 46
Arg 970 47
Ala 1003 80 9
Asp 1004 81 Ala
Trp 1005 82
Val 1006 83 Ala
Pro 1007 84 Ala
Asp 1008 85
Gln 1009 86
Ile 1010 87
Tyr 1011 88 Ala
Tyr 469 143 1
Arg 514 188 2
Asp 516 190
Ala 517 191
Glu 554 228 3
Trp 556 230
His 626 300 4
Asp 627 301
Val 633 307
Ile 634 308
Amino acid exchanges, deletions, and insertions in the investigated
variants are indicated.
adel, deletion and ins, insertion (C-terminal to the indicated position).
Table 2
Speciﬁc activity and fraction of substrate hydrolysis by the WT
reference, GtfR-100, and its variants, as determined under standard
conditions
Enzyme name Speciﬁc activitya
(U/mg)
Suc hydrolysis
(%)
Mean S.D. Mean S.D.
GtfR-100 10.3 2.6 31.4 1.8
GtfR-Y42S 0.090 0.022 91.5 4.1
GtfR-D81A 0.639 0.096 92.0 4.5
GtfR-V83A 0.596 0.096 36.8 0.7
GtfR-P84A 13.1 4.0 57.9 1.7
GtfR-Y88A 1.41 0.30 23.1 1.4
a3. Results
3.1. Substitution of Tyr965 and modiﬁcation of its ﬂanks
The highly conserved Tyr965 was exchanged against a Ser
residue, which retains the hydroxy group, however, attached
to a much smaller aliphatic side chain. In the following, the
AA numbering of GtfR-permu will be used. Thus, we shall re-
fer to this residue as Tyr42. A correlation with the AA num-
bering in the GtfR wild-type (WT) enzyme is given in Table
1. The Tyr42Ser substitution resulted in drastic eﬀects on the
catalytic properties of the enzyme. Compared to the WT refer-
ence, the speciﬁc activity was reduced by two orders of magni-
tude (Table 2). Almost the entire remaining activity belonged
to the hydrolytic reaction path. Under standard conditions,
its fraction was increased from about 30% to approximately
90% (Table 2).
According to an alignment of almost 50 GTF sequences,
also the residues ﬂanking Tyr42 are invariant (Fig. 1). This
might be a consequence of assuring the optimal position of
the Tyr. In an attempt to disturb this position, we introduced
ﬂanking single AA deletions or insertions (Table 1). Similar to
the direct substitution of Tyr42, these modiﬁcations had detri-
mental eﬀects on the catalytic activity. Although the respective
variants were formed in amounts comparable to that of the
WT, their activities were in all cases reduced to below 1% of
the WT level.
The Ser42 variant was characterized in greater detail by
monitoring the rates of substrate hydrolysis and of transglu-
cosylation as a function of Suc concentration. The WT refer-
ence showed apparent Km values for the hydrolytic and
transglucosylation pathways of 0.19 mM and 2.6 mM, respec-
tively (Table 3). These reactions approached substrate satura-
tion around 3 mM or 10 mM Suc, respectively. The Ser42
variant, however, did not reach substrate saturation up to
400 mM of Suc, the highest concentration assayed. Therefore,
only lower limits can be given for the apparent Km values of
hydrolysis or transglucosylation, respectively. They are at least
100 mM or 200 mM, respectively (Table 3), indicating a drastic
decrease of the apparent substrate aﬃnity at the active site.
Total activity, comprising transglucosylation and hydrolysis.3.2. Substitution of invariant residues in segment 9
An ‘‘Ala scanning’’ mutagenesis was carried out on four
invariant AAs within S9 (Fig. 1), namely residues Asp81,
Val83, Pro84, and Tyr88. The speciﬁc activity of the Ala84
variant was most similar to that of the WT, showing a moder-
ate increase (Table 2). For the other three variants, however, it
was strongly decreased, to between 6% and 14% of the WTvalue (Table 2). The exchanges also aﬀected the fraction of
substrate that was channelled into the hydrolytic pathway
(Table 2). The value for the Ala84 variant indicates that the
enhancement of its total catalytic activity, relative to the
WT, originates from an increase in the hydrolytic reaction.
Substrate hydrolysis was only slightly increased by the
S IQNGYAFTDRVIS8
959 970
36 47
ADWVPDQIYS9
1003 1011
80 88
Fig. 1. Consensus amino acid sequences of segments 8 and 9 of
glucansucrase type GTFs. Positions of the ﬁrst and last amino acid are
indicated above (original GtfR numbering) and below (numbering of
the GtfR-permu model) the sequences. Invariant residues are shown in
red.
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Tyr88Ala replacement. However, it was strongly enhanced
by the Asp81Ala exchange.
The determination of Michaelis–Menten parameters (Table
3) indicated that the predominant eﬀect observed for the As-
p81Ala exchange was a drastic reduction of the apparent Suc
aﬃnity for both, the hydrolytic and the transferase reactions.
For the latter, substrate saturation of the enzyme was not
reached. The Val83Ala substitution reduced the apparent kcat
value for hydrolysis about 10-fold. Up to 400 mM of Suc, no
substrate saturation of the enzyme was observed for the trans-
fer reaction. The apparent Michaelis–Menten parameters of
the Ala84 variant indicated a moderate loss of apparent sub-
strate aﬃnity and moderate increases of the kcat values for
the two pathways, resulting in speciﬁcity constants that were
rather close to those of the WT. Variant Ala88 showed a sig-
niﬁcant decrease in the maximal rate of hydrolysis and an in-
crease of the respective Km value. For transglucosylation, no
substrate saturation of the enzyme was reached, implying that
the apparent Km value was increased at least 50-fold.
In summary, the Pro84Ala exchange resulted in compara-
tively small changes in the catalytic behaviour. All other sub-
stitutions in S9 aﬀected the catalytic properties of GtfR to a
much greater extent than the simultaneous exchange of four
non-conserved residues in this segment [8].Table 3
Apparent kinetic parameters for sucrose hydrolysis and glucosyl transfer by
Enzyme name Hydrolysis
kcat (s
1) Km (mM) kcat/Km
(s1 mM1)
Mean S.D. Mean S.D. Mean S
GtfR-100a 6.3 1.5 0.19 0.04 33.1 1
GtfR-Y42S –b – >100b – –b –
GtfR-D81A 2.81 0.43 20.5 0.9 0.137 0
GtfR-V83A 0.678 0.106 0.094 0.010 7.22 1
GtfR-P84A 21.4 3.5 0.98 0.03 21.8 3
GtfR-Y88A 1.26 0.22 0.59 0.03 2.14 0
aData from Ref. [8].
bUp to 400 mM of initial Suc concentration, no apparent substrate saturatio4. Discussion
The results described show that Tyr42 and residues within
S9 are crucial for substrate binding and turnover by GtfR
and, probably, other members of the glucansucrase family.
In the following, these results will be discussed on the basis
of a previously constructed homology model of the catalytic
domain of GtfR [8].
4.1. Alterations in segment 8
The drastic impairment of the catalytic performance of the
Ser42 variant is consistent with the crucial role of Tyr42 sug-
gested by the model, i.e., its contribution to the positioning
of the Suc molecule within the active site. The smaller side
chain of the Ser residue would much less be able to fulﬁl the
platform function of the aromatic Tyr ring (Fig. 2A and B).
Moreover, the Tyr residue contributes to the positioning of
three other substrate-lining AAs, Arg188, Asp190, and
His300, through hydrogen bonds and/or van der Waals con-
tacts. The replacement by the smaller Ser side chain results
in the loss or reduction of these interactions (Fig. 2C and
D). As Arg188 and Asp190 are probably directly involved in
the catalytic mechanism [8], even minor shifts of these residues
can have major eﬀects on the enzymatic activity. Furthermore,
a hydrogen bridge formed between Tyr42 and Asp81 is lost in
the Ser42 variant. As Asp81 is another AA that contributes to
the positioning of Arg188 and Asp190 (see below), the Tyr42-
Ser exchange is expected to inﬂuence the positions of these two
residues via a direct and an indirect route. The described struc-
tural changes should lead to deviations of the substrate and of
catalytic residues from orientations which are optimal for eﬃ-
cient attack by the Asp190 nucleophile. Furthermore, they are
also expected to reduce the anchoring of the Suc molecule, as
Asp190 and His300 are involved in hydrogen bonds to the Glc
moiety of the substrate [8].
The observed drastic inﬂuence on GtfR activity of the single
AA deletions and insertions adjacent to Tyr42 is consistent
with a crucial role of this residue. Simulations of these modiﬁ-
cations indicated that, of the substrate-lining residues, only the
position of Tyr42 was signiﬁcantly aﬀected. The predicted dis-
placements of this residue (Fig. 2E and F) are expected to di-
rectly inﬂuence substrate binding and positioning and to
trigger a number of changes in hydrogen bonding and van
der Waals interactions with other residues. Thus, the hydrogen
bridge between Tyr42 and Asp81 is eliminated in all variants,
and novel hydrogen bonds are formed with the side chain ofthe WT reference, GtfR-100, and its variants
Transglucosylation
kcat (s
1) Km (mM) kcat/Km
(s1 mM1)
.D. Mean S.D. Mean S.D. Mean S.D.
1.2 20.5 5.3 2.6 0.7 7.8 2.9
–b – >200b – –b –
.022 –b – >280b – –b –
.36 –b – >200b – –b –
.6 34.6 5.6 7.25 1.80 4.78 1.42
.39 –b – >150b – –b –
n was reached.
Fig. 2. Modelling of re- and displacements of Tyr42 (A–D). The Tyr42Ser exchange. The sucrose molecule (carbons in ochre) and discussed residues
are shown in CPK representation, surrounding residues are depicted as sticks (E and F). The eﬀect of adjacent amino acid deletions and insertions on
the position of the Tyr42 side chain, as seen from two perspectives. The Ca trace is shown as a tube. Carbons are coloured as follows: WT, white;
delG41, magenta; insA41, blue; delA43, green; and insA43, yellow.
494 S. Wittrock et al. / FEBS Letters 582 (2008) 491–496His300 (variants delG41, delA43, and insA41) or Lys6, respec-
tively (variant insA43). Additionally, in the latter variant, the
hydrogen bridge with Arg188 is eliminated.
4.2. Alterations in segment 9
Asp81 plays a central role in a hydrogen bonding network,
interacting with AAs located in S2, harbouring Arg188 and
Asp190, as well as in S7–S9 [8]. It forms side chain hydrogen
bridges with Tyr42, Trp82, and Arg188. It additionally contrib-
utes to the positioning of substrate lining and catalytically essen-
tial residues, particularly Tyr42, Arg188, and Asp190, throughvan der Waals contacts (Fig. 3A). These interactions are lost
or reduced in the Ala81 variant (Fig. 3B). In a cascade-like man-
ner, shifts of these AAs, trigger a re-positioning of other sub-
strate-lining residues. The direct interactions between such
AAs in GtfR-permu are schematically depicted in Fig. 4. Thus,
shifts of Tyr42, Arg188, and Asp190 also aﬀect the positions of
Tyr143, Ala191, Glu228, Trp230, His300, Asp301, Val307, and
Ile308. In total, the Asp81Ala exchange, via several interdepen-
dent interactions, is able to inﬂuence the positioning of no less
than 11 residues that contribute to the shape of the substrate-
binding pocket and/or are critical for catalysis.
Fig. 3. Modelling of amino acid exchanges in segment 9. (A), (C), and (E) WT; (B) Asp81Ala; (D) Val83Ala; and (F) Tyr88Ala. The sucrose
molecule (carbons in ochre) and discussed residues are shown in CPK representation, surrounding residues are depicted as sticks.
S. Wittrock et al. / FEBS Letters 582 (2008) 491–496 495Similar to Asp81, the side chain of Val83 contributes to the
support of the Tyr42 platform and of the Asp190 nucleophile
(Fig. 3C). These interactions are partly lost in the Ala83 vari-
ant (Fig. 3D). As outlined for the Asp81Ala exchange, the
shifts of these two AAs inﬂuence the positions of other sub-
strate-lining residues (Fig. 4).
The Pro84Ala exchange exerted the smallest eﬀects on the
catalytic behaviour of GtfR. Pro84 forms no hydrogen
bridges and does not directly interact with any constituent
of the substrate-binding pocket. The inﬂuence of the AA84
exchange is most likely mediated via Val83 with which it di-rectly interacts. van der Waals contacts between Val83 and its
C-terminal neighbour are reduced in the Ala84 variant (not
shown).
Tyr88 is involved in the positioning of the substrate-lining
Tyr143 and the adjacent Glu144, with which it is connected
by a hydrogen bond [8]. In the Ala88 variant, these contacts
are largely lost (Fig. 3E and F). Additionally, an indirect inﬂu-
ence of Tyr88 on the position of Tyr42 is expected, mediated
through Ala43. A fraction of the van der Waals contacts
between Tyr88 and Ala43 are lost through the Tyr88Ala sub-
stitution (not shown).
Arg188
Tyr143
Asp190
Ala191
Glu228Ile308
Val307
Asp301
His300
Tyr42
Trp230
Fig. 4. Scheme of interactions among substrate-lining residues in the
homology model of the GtfR catalytic domain. Amino acids on red
background form hydrogen bridges with the substrate, amino acids
shown in blue are probably involved in catalytic electron transfers [8].
Red lines symbolize hydrogen bonds; black lines indicate van der
Waals interactions, broken for minimal inter-residue distances between
3.5 and 4.0 A˚, unbroken for distances below 3.5 A˚.
496 S. Wittrock et al. / FEBS Letters 582 (2008) 491–496The relevance of S9 is also underscored by the exchange of
the invariant residue equivalent to Gln86 in GtfR-permu by
ﬁve other AAs [19]. In each case, the enzymatic activity
dropped to 3.5% of the WT value or below.
Whilst a number of earlier investigations provided evidence
for the importance of residues in the N-terminal half of the cat-
alytic domain [10–13], the results described in the present study
further support a contribution of GTF peptide segments in its
C-terminal half to the structure of the active site. The latter
data therefore agree with the hypothesis that TIM barrel sec-
ondary structural elements occur in glucansucrases in a circu-
larly permuted arrangement with respect to the primary
structure [7]. The replaced residues are unlikely to be directly
involved in the catalytic mechanism. Although only a crystal
structure can ultimately settle this issue, little doubt remains
that Tyr42 is an important constituent of the substrate-binding
pocket. In contrast, the AAs of S9 most likely are ‘‘second
shell’’ or ‘‘third shell’’ residues that are critical for the correct
positioning of AAs of the active site. Experiments are currently
underway to assess the inﬂuence of invariant residues in the C-
terminal segments 6 and 7 [8] on catalysis by GtfR.
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